We studied brain synapsin I and II mRNA levels using the amygdala kindling model of epilepsy. There were significant increases in the synapsin I mRNA level in the granule cell layer of the hippocampal bilateral dentate gyrus. One to 8 h after seizures, the level in the dentate gyrus ipsilateral to stimulation increased by 44.2-73.2%. compared with the control level. Of the time points investigated, the greatest increase in expression was observed 8 h after the kindled seizures. Furthermore, the synapsin I mRNA levels in the dentate gyrus contralateral to stimulation increased by 28.0% and 51.1%, 2 and 8 h, respectively, after the kindled seizures. Expression of this mRNA, however, did not change significantly in other areas examined, including CAl, CA2, CA3 and the polymorphic layer of the hippocampus and the perirhinal and temporal cortices. Synapsin II rnRNA levels did not change significantly in any of.the regions studied for up to 24 h after the seizures and synapsin II was presumed to have little involvement in kindling. We considered the locally elevated synapsin I mRNA levels in the bilateral dentate gyrus associated with kindling indicate that excitatory changes occur in the synaptic circuit in which the dentate granule cells participate. Synapsin I may be involved in the presynaptic molecular mechanisms underlying the neuronal plasticity in kindling.
INTRODUCTION
The synapsins are a family of phosphoproteins that are specifically associated with the cytoplasmic surface of the synaptic vesicle membrane. There are two subtypes, synapsins I and II, which together account for approximately 9% of total vesicle protein'T2. Synapsins I and II are thought to be involved in synaptic maturation3 and neurotransmitter release regulation 2,4*5. Synapsin I, but not synapsin II, is a physiological substrate for Ca2+-calmodulindependent protein (CaM) kinase I12.6. The phosphorylation state of synapsin I increases under conditions that promote Ca2+-dependent neurotransmitter release2, such as kindling'. On depolarization, synapsin I is phosphorylated as a result of CaA4 kinase II activation, which causes a conformational change in the synapsin I molecule'~2*8. Then, the phosphorylation of synapsin I weakens the cytoskeleton and synaptic vesicle linkage, thereby promoting the availability of synaptic vesicles for exocytosis'12.
In mesial temporal lobe epilepsy, one of the most severe and intractable forms of human epilepsy, the seizures originate most often in the hippocampus'. Subregions of the hippocampus show selective vulnerability to seizure development, and neurochemical, neurophysiological and morphological changes are known to occur in human epilepsy'O~", as well as in animal models of epilepsy'2-'8. Kindling is a model of complex partial seizures and secondarily generalized seizures, as well as a model of neuronal plasticity .
I9 The term kindling refers to a phenomenon whereby repeated exposure to a stimulus that triggers seizure activity results in progressively greater epileptiform responses, culminating in a generalized seizure. Brain function changes occur gradually in response to repeated kindling stimuli. Recently, the molecular mechanisms underlying kindling have been investigated and changes in both preand post-synaptic mechanisms were observed'** 14* '*. The latter involves the activation of a cascade of events in intracellular signaling mechanisms follow-K. Morimoto et al ing glutamate receptor activation, including the production of c-fos, other immediate early and late effector genes and protein synthesis'*. These alterations may lead to the production of nerve growth factors'2*20, thereby triggering subsequent presynaptic changes'*.
Changes in presynaptic mechanisms also occurred in kindling: release of excessive amounts of glutamate, a presumed transmitter of the excitatory hippocampal pathway, was observed during both the interictal and ictal periods in kindling'4*'8, and as in human patients with temporal lobe epilepsy". Electrophysiological and pharmacological studies during kindling stimuli suggested that increases in glutamate release accompanied afterdischarge intensification and behavioral seizures". Persistent changes in the spine number and morphology in the molecular layer of the dentate gyrus also revealed marked neurotransmitter release from the presynaptic terminals in kindling t3,**. These results suggest that an increase in presynaptic efficacy underlies the excitatory synaptic changes observed in kindling. Synapsins are thought to be important components in the regulation of glutamate release", and increases in synapsin I levels in response to injury and/or selected environmental stimuli2*23, are presumed to lead to the long-term excitatory changes in the synaptic circuits observed in kindling. In order to investigate the role of the presynaptic terminals in kindling further, we examined brain levels of synapsin mRNAs using the amygdala kindling model of epilepsy.
MATERIALS AND METHODS
Forty Sprague-Dawley male rats weighing 300-350 g were used. They were housed under a 12-h light and 12-h dark (06.00 h-18.00 h light) cycle and allowed access to food and water ad libitum. They were anesthetized with pentobarbital (50 mg/kg, i.p.) and a tripolar electrode was implanted stereotaxically in the basolateral amygdala (coordinates: AP, -2.8 mm; L, 4.8 mm, D, 7.3 mm), the incisor bar being set 3.0 mm below the interaural plane. A screw electrode was placed in the left frontal skull as a reference. After a 2 week recovery period, the rats were subjected to daily kindling stimuli (a 2 s train of lOOHz, 1 ms rectangular waves at a current intensity of 200 PA). Seizure stages were assessed according to Racine's classification24: stage 0, no response; 1, rhythmic mouth and face movement; 2, rhythmic head nodding; 3, forelimb clonus; 4, rearing and bilateral forelimb clonus; 5, rearing and falling (generalized seizure). Electrical stimulations of the generalized seizure group was continued until five consecutive stage 4 or 5 seizures occurred. Animals with implanted electrodes but were not stimulated were used as controls (n = 5).
We examined the synapsin I and II mRNA levels immediately after (time zero), 30 min, and 1, 2, 4, 8 and 24 h (n = 5 each) after the fifth stage 4 or 5 generalized seizure. The rats were killed under ether anesthesia, their brains were removed rapidly, frozen in powdered dry ice and stored at -80 "C until required for use. After being thawed to -2O"C, the frozen brains were cut into lo-pm-thick sections with a cryostat and thaw-mounted on gelatin-coated glass microscope slides followed by air-drying and storage at -20 "C until required for the experiments. Sections cut from the portion of the brain approximately 3.3 mm posterior to the bregma were used.
The oligonucleotide antisense probes, based on the reported sequences of synapsins used were 5' CCCAATGACCAAACTGCGGTAGTCTCCATT 3' for synapsin IZ5 and 5' CGACCAAAGGTGGTC-CGCGTCTC 3' for synapsin II. 3'-End-labeled radioactive probes were prepared with [a-[35S] thio]dadenosine triphosphate (ATP, specific activity 1200 Ci/mmol, New England Nuclear) and terminal deoxyribonucleotidyltransferase (3'-end labeling system, New England Nuclear).
The in situ hybridization procedures were carried out as described previously". The slides were equilibrated to room temperature, the sections were fixed with 4% (v/v) paraformaldehyde in phosphatebuffered saline (PBS) for 5 min. The sections were washed with PBS for 3 min and acetylated with 0.1 M triethanolamine/0.9% (w/v) NaCl (pH 8.0) and 0.25% (v/v) acetic anhydride for 10 min, after which they were dehydrated with an ascending alcohol series (70, 80, 95, lOO%, v/v) for 2 min per alcohol concentration then dehydrated with chloroform for 5 min. All these procedures were carried out at room temperature. After prehybridization, the 35S-labeled oligonucleotide antisense probes in hybridization buffer (1 x 1 06dpm/ 1 OO@) were applied to the sections, the slides were sealed with coverslips, and hybridization was performed overnight at 37 "C in a humid chamber. The hybridization buffer comprised 4xstandard saline citrate (SSC) (600 mM NaCl, 60 mM sodium citrate, pH 7.0), 50% deionized (v/v) formamide, 10% (w/v) dextran sulfate, 1 x Denhardt's solution (0.2% (w/v) polyvinylpyrrolidone, 0.2% (w/v) Ficoll, 0.2% (v/v) bovine serum albumin), 100 nM dithiothreitol and 0.1% (w/v) salmon sperm DNA (pH 8.0). After hybridization, the slides were immersed in 1 x SCC at room temperature to remove the cover slips, rinsed four times for 20 min at 37 "C and four times for 20 min at 25 "C with 1 x SSC then air-dried. The dried sections were placed on tritiumsensitive film for 5-6 weeks at 4"C, after which the film was developed. In order to ensure the in situ hy-bridization technique was specific for each probe, a parallel control study was carried out by incubating adjacent brain sections from control rats with each radioactive probe in the presence of a 50-fold excess of the same, unlabeled probe.
The autoradiographs were analyzed using Adobe Photoshop TM3 with a Power Macintosh 8100/ IOOAV. Quantitative analysis of sections cut from the portion of the brain approximately 3.3 mm posterior to the bregma was performed. Each brain region was defined according to the atlas of Paxinos and WatsonZ6. The optical densities of the left-and righthand sides of hippocampal subregions CA], CA2, CA3, the polymorphic layer and the dentate gyrus, the amygdala nuclei area and the piriform, perirhinal and frontoparietal cortices were measured. In order to verify that the range of autoradiographic optical densities was logarithmic, they were standardized using a calibration curve obtained by autographing increasing amounts of [cr-[35S] thio]d-ATP in brain paste loaded onto a slides. dentate gyrus occurred after the kindled seizures. One to 8 h after the seizures, the synapsin I mRNA levels in the dentate gyrus ipsilateral to stimulation increased by 44.2-73.2%, compared with the levels in control rats that underwent sham operation. As shown in Fig. IA , of the time points investigated, the greatest increase in expression was observed 8 h after the kindled seizures, when the level was 73.2 f 10.7% higher than the control level. Furthermore, the level of this mRNA in the dentate gyrus on the side contralatera1 to stimulation increased significantly by 28.0 and 5 l.l%, 2 and 8 h, respectively, after kindled seizures. However, synapsin I mRNA l'evels in the other regions studied, including CAl, CA2, CA3 and the polymorphic layer of the hippocampus and the temporal and perirhinal cortices did not change significantly (Figs. IB, C) .
Synapsin II mRNA: The synapsirr II mRNA levels did not change significantly in any of the regions examined for up to 24 h after the kindled seizures, in comparison with those in control rats that underwent sham operation (Fig. 3) .
Statistical analysis DISCUSSION
The results are expressed as means f S.E.M. and differences between them were analyzed using one-way ANOVA (analysis of variance) followed by the Bonferroni/Dunn (procedures for multiple comparisons). Differences at p < 0.05 were considered significant.
RESULTS

Kindling
Kindling characteristics. In the animals decapitated immediately (time 0) and 30 min, I, 2, 4, 8 and 24 h after suffering generalized seizures, the mean f S.E.M. numbers of stimuli needed to reach the first stage 5 seizure were 11.0 f 2.8, 9.4 f 1.7, 9.4 f 2.7, 10.4 f 1.3, 14.0 f 0.7, 10.6 f 2.3 and 11.2 f 1.2, respectively. The average afterdischarge durations after the last stimulus were 105.7 f 2.4, 115.0 f 7.2, 115.6 f 6.0, 98.6 f 5.7, 96.6 f 8.8, 119.2 f 6.2, and 106.0 f 1.65, respectively. The groups did not differ with respect to the number of stimuli required to reach the first stage 5 seizure or the afterdischarge duration after the last stimulus.
In situ hybridization The aim of this study was to investigate whether kindled skizures influence the expression of synapsin I and II mRNA. The data presented above demonstrated clearly that amygdala kindled seizures lead to a specific time-dependent increase in synapsin I mRNA expression in the granule cell layer of the bilateral dentate gyrus. Synapsin II mRNA level, however, does not appear to change in kindling.
Widespread, yet regionally variable, synapsin I mRNA expression throughout the normal adult rat brain was observedZ7. Synapsin I mRNA was most abundant in the pyramidal neurons of the CA3 and CA4 fields of the hippocampus and the mitral and internal granular cell layers of the olfactory bulb. Other areas abundant in synapsin I mRNA were the piriform cortex and the entorhinal cortex, the granule cell neurons of the dentate gyrus, the pyramidal neurons of hippocampal fields CA1 and CA2 and the cells of the parasubiculum. The synapsin I protein, however, exhibited remarkably dissimilar expression pattem27. Large amounts of synapsin I protein were present in the mossy fiber terminal fields of dentate granule neurons, whereas only moderate amounts were found in the outer two-thirds of the molecular layer of the dentate gyrus and the terminal fields of layer II entorhinal neurons.
Long-lasting enhancement of synaptic efficacy in kindling has been demonstrated electrophysiologica11y'6, chemica11y'2* " and morphologically 13, t7. Neurons, which require locally high levels of synap- Relative to the control animals, the synapsin I I hybridization in the bilateral dentate gyrus increased in response to stimulation in animals killed 1 to 8 h after kindled seizu Note that the kindling stimuli were delivered to the left amygdala. 'Non-selective' was a non-selective binding control which done by incubating adjacent brain sections from control rats with each radioactive probe in the presence of a 50-fold exces! same, bnlabled probe: sin I mRNA to maintain correspondingly high levels of synapsin I protein in their presynaptic terminal fields, such as the granule cells in the dentate gyrus, may also require high levels of gene expression (mRNA and protein) to maintain the high rates of activity that characterize the circuits in which they participate*'. Although we have not investigated changes in synapsin proteins in kindling, the increased synapsin I mRNA levels in the dentate gyrus of amygdala kindled rats observed in this study indicate that the excitatory changes occur in the synaptic circuit in which dentate granule cells participate. Our results suggest that the presynaptic molecule mechanisms in the hippocampal synaptic circuits are enhanced in kindling.
Mice lacking synapsins suffer from impaired presynaptic functions and a high incidence of seizures28. An in vitro study revealed that knockout of synapsin led to depletion of synaptic vesicles in nerve terminals without major changes in their distributions or the general synaptic structure'". Knockout of synapsin I led to impairment of neurotransmitter release, although paired-pulse facilitation was enhanced, suggesting that synapsin I has dual inhibitory and facilitatory functions in accelerating synaptic vesicle trafficZ8.
In kindling, both inhibitory and excitatory mechanism are potentiated '6.29. After induction of kinof mRNA res. was s of the dled generalized seizures several times, the GABAmediated inhibitions beco'me pronounced29. However, as the kindled seizures are repeated, the collapse of inhibition occurs which is considered to induce burst activity3'. Synapsin I has both inhibitory and excitatory functions, as indicated by an in vitro experiment using knockout miceZ8. Therefore, the increases in synapsin I mRNA levels after five consecutive kindled seizures in our study may reflect potentiation of inhibition. However, in our study, the autoradiography showed that the levels of synapsin I mRNA in the granule cell layer of the dentate gyrus increased after kindled seizures. Elevated synapsin I mRNA3' and protein 23 levels in the dentate gyrus of the hippocampus in LTP have been reported and the time course of the synapsin I mRNA increases after LTP-inducing stimulation3' was quite similar to those observed in kindling in our study. Of course, LTP and kindling are different in nature, and LTP does not induce large-scale seizure activity. However, the same mechanisms at least in part, have been suggested to be involved in Kindling and LTP16, in which facilitatory presynaptic transmission has been suggested to occur16*32*33. These results suggest that synapsin I may play excitatory, not inhibitory, roles in kindling. In the hippocampal dentate gyrus, neuronal plastic changes, including sprouting, have been shown to develop as generalized kindled seizures are repeatedI Therefore, it is possible that different levels and distributions of synapsin I mRNA may occur if a lot of stimuli are presented. The increases in synapsin I mRNA levels we observed suggest that excitatory presynaptic changes in the neural circuits are accelerated in kindling.
